ABSTRACT The experimental culture of Haliotis tuberculata coccinea is carried out at the Institute of Marine Science of Canary Islands (Gran Canaria, Spain) based on specimens captured in their natural habitat and conditioned as broodstock. In 2008, an outbreak of shell-boring polychaetes affected the culture. This study aims to identify some of the species of shell-boring polychaetes that affect H. tuberculata coccinea and, second, to assess the effectiveness of multiple mebendazole applications for the control of these pests. Mebendazole was applied as baths of Lomper (Esteve Laboratory, Barcelona, Spain) using the concentrations 6 mL/L, 8 mL/L, and 10 mL/L, with 0 mL/L as a control measure. Abalone were exposed to 3 mebendazole baths over a 3-day period (133-h bath applied for 3 consecutive days), as recommended in the drug directions for human use. After each bath, the abalone were returned to their original culture tanks until the following day. After these 3 days, the abalone were kept in their original culture tanks for a term of 1 mo. Each month, as a result of the effect of mebendazole, moribund and/or dead polychaetes became detached from the burrows and were found at the bottom of the tank during the first 15 days after the baths of mebendazole were applied. The polychaetes expelled from the shells were counted, collected, and fixed in 10% buffered formaldehyde for subsequent identification. This process was repeated month after month until no moribund and/or dead shell-boring polychaetes were found after the application of the baths of mebendazole. The shell-boring polychaete species was identified as Polydora hoplura (Clapare`de 1870). The efficacy rate of Lomper was around 99% in all the concentrations tested when it was applied during a 7-mo term (each month, 1 bath was applied for 3 consecutive days), and abalone mortality was limited to highly infested animals only. Monitoring of abalone weight gain suggested that the mebendazole treatments did not affect growth significantly during the study period.
INTRODUCTION
The abalone found in the Canary Islands is Haliotis tuberculata coccinea (Reeve 1846). This is a small, subtropical native species with a maximum shell length (SL) of 8 cm (Bilbao et al. 2010) . Recently, the government of the Canary Islands identified H. tuberculata coccinea as a new species for the diversification of local commercial aquaculture. Currently, techniques for the experimental culture of this species are being developed at the Institute of Marine Science of the Canary Islands (ICCM). The culture is based on specimens captured in their natural habitat and conditioned as broodstock at the ICCM using primarily cultured algae (Ulva lactuca and Gracilaria cornea). In 2008, an outbreak of shell-boring polychaetes affected the culture, especially the oldest specimens.
Shell-boring polychaetes belong to the family Spionidae. They bore into the shells of several mollusc taxa, including oysters, mussels, scallops, abalone, and clams (Blake & Evans 1973 , Lauckner 1983 . The most serious shell-boring polychaete pests that affect abalone cultures worldwide are related to two spionid genera (Polydora and Boccardia) (Lleonart et al. 2003a , Simon et al. 2006 and to the sabellid species Terebrasabella heterouncinata (Leighton 1998 , Simon et al. 2006 , Moore et al. 2007 ). The impact of these pests depends on the severity of the infestation, the size of the host, the host species, the worm species, the environmental conditions, and the health of the host (Lleonart et al. 2003a) . High levels of infestation may lead to a significant reduction in the host's flesh condition (Handley 1998 , Simon et al. 2006 , Sato-Okoshi et al. 2008 ) and may even cause mortality (Lleonart et al. 2003a) .
Efforts made to treat worm infestations affecting abalone species have achieved limited success. The methods tested include exposing the worms to encapsulated toxins (e.g., liposomes) that are absorbed by the shell-boring polychaetes but not by the abalone (Shields et al. 1998) , biocontrol agents using potential shell-boring polychaete predators (e.g., Cirolana harfordi) (Kuris & Culver 1999) , air-drying of spionid-infested abalone for 2-4 h at less than 64% humidity level (Lleonart et al. 2003b) , heat treatment of spionid-infested animals using seawater warmed to 28-29°C for 48 h (Leighton 1998) , and freshwater immersion for more than 48 h (Moore et al. 2007) . Recently, Simon et al. (2010) suggested diatom-derived polyunsaturated aldehyde 2,4-decadienal as a chemotherapeutic agent against shell-boring polychaetes. However, there are no effective treatments that, although negatively impacting the worms, do not cause any undue harm to the host abalone.
Mebendazole (methyl 5-benzoyl-1H-benzimidazol-2yl-carbamate) is a broad spectrum benzimidazole carbamate classically used in human and veterinary medicine to treat a wide range of parasitic infestations (Co´zar-Bernal et al. 2010 ). This drug acts by holding back essential transport processes taking place within the parasitesÕ intracellular microtubules. It works by inhibiting glucose uptake, thereby causing immobilization and death of the parasite. In humans, this drug has been successfully used for the treatment of nematodes (Krishnaiah et al. 2001 , Dayan 2003 , De Villiers et al. 2005 . In the veterinary field, the use of mebendazole has been approved for several mammalian species, including pregnant animals (Krı´zova´-Forstova´et al. 2011) , and it has proved to be very active against nematodes, lungworm (Dictyocaulus arnfieldi), and tapeworms (Echinococcus and Taenia spp.) (cited in Co´zar-Bernal et al. (2010) ). In aquaculture, mebendazole has been used for controlling monopisthocotylean infestations in fish (Goven & Amend 1982 , Szekely & Molnar 1990 , Buchmann & Bjerregaard 1990 , Mellergaard 1990 , Buchmann 1993 , Kim & Choi 1998 . However, mebendazole showed no significant results for the control of either the monogenean Microcotyle sp. in the gills of cultured Pagrus pagrus (Katharios et al. 2006) or of the shell-boring polychaete Boccardia knoxi in Haliotis rubra (Lleonart et al. 2003b ). However, these studies used a single application of mebendazole and, as in humans (Can˜ete et al. 2009) , it is expected that multiple mebendazole applications will be more effective in controlling the parasites affecting abalone.
This study aims to identify some of the species of shellboring polychaetes that affect H. tuberculata coccinea in the Canary Islands and to assess the effectiveness of multiple baths of mebendazole to control these pest species.
MATERIALS AND METHODS

Experimental Animals and Culture Conditions
The experiment was undertaken during 2008 at the ICCM, Gran Canaria Island, Spain. A total of 120 naturally infested animals (SL, 40-75 mm) were tagged, and an infestation ranking was assigned to each animal: low infested, when fewer than five boring polychaete chimneys were present on the shell; highly infested, when more than five chimneys were present and/or the external surface of the shell was partly broken. Animals were weighed to the nearest 0.1 mg for body weight, and 0.1 mm for SL, and assigned to a culture tank (an experimental unit).
The animals were reared in 12 plastic tanks of 50-L (10 abalone per replicate) containing two shelters, with 1-mm filtered and UV radiation-sterilized seawater. Water flowed through the tanks at a rate of 5 vol/day, and aeration was provided constantly. Abalone were exposed to a natural photoperiod of approximately 12 h light/12 h dark. Feeding was conducted weekly using cultured mixed algae from ICCM (U. lactuca and G. cornea). The culture tanks were cleaned, and fecal material was removed once per week. At the same time, the uneaten macroalgae were removed and replaced with fresh algae.
Treatments for Shell-Boring Polychaetes
The effectiveness of mebendazole as an anthelmintic was evaluated at three concentrations: 120 mg/L, 160 mg/L, and 200 mg/L. Mebendazole was administered as Lomper (Esteve Laboratory, Barcelona, Spain) using the following concentrations: 6 mL/L, 8 mL/L, and 10 mL/L, with 0 mL/L as a control measure.
Every month, the abalone were transferred to 24 transparent plastic aquaria with a 2-L capacity (5 abalone per aquaria), and mebendazole was added to the desired concentration. The animals were exposed to the solution as recommended in the drug directions for human use. Abalone were exposed to 3 mebendazole baths over a 3-day period (one-time 3-h bath given for 3 consecutive days). After each bath, the abalone were returned to their original culture tanks until the following day. After these 3 days, the abalone were kept in their original culture tanks for a term of 1 mo. Each month, as a result of the effect of mebendazole, moribund and/or dead shell-boring polychaetes became detached from the burrows and were found at the bottom of the tank during the first 15 days after the baths of mebendazole were applied. The shell-boring polychaetes expelled from the shells were counted, collected, and fixed in 10% buffered formaldehyde for subsequent identification. This process was repeated the following month and, for 3 consecutive days, a one-time 3-h bath was given using Lomper. Throughout the 15 days after the baths, the moribund and/or dead shell-boring polychaetes were counted, and samples were taken for subsequent identification. This process was repeated month after month until no moribund and/or dead shell-boring polychaetes were found after the application of the baths of mebendazole.
Expulsion Methods, Quantification, and Identification of Shell-Boring Polychaetes
The amount of shell-boring polychaetes not dying as a result of the overall treatment with mebendazole, and the amount of shell-boring polychaetes in the control group were determined using a chemical vermifuge to expel the shell-boring polychaetes from their burrows (Lleonart et al. 2003a ). This was a solution of 500 ppm phenol in seawater (Mackenzie & Shearer 1959) .
At the end of the experiment, the surviving abalone (including those in the control group) were shucked, and each shell was placed in a 200-mL container with the vermifuge solution for 5 h (Fig. 1) . This allowed us to determine the abalone containing shell-boring polychaetes and the abalone that were free of the pest. After exposure, the solution was drained through a 90-mm sieve, and the shell-boring polychaetes were rinsed and transferred to Petri dishes for examination. In addition, the surfaces of the abalone shells were examined using a magnifying glass to identify any shell-boring polychaetes only partly expelled from their burrows. Furthermore, during the performance of the study, whenever an abalone appeared dead in the culture tanks, its shell was immersed in the vermifuge solution to expel, count, and identify the amount of live shell-boring polychaetes found in the abalone. This was the same procedure carried out at the end of the experiment with surviving abalone.
To calculate the total amount of shell-boring polychaetes present at the start of the trial, the amount of dead shell-boring polychaetes and the number of shell-boring polychaetes resistant to the action of mebendazole must be added. The estimation of the initial amount of shell-boring polychaetes corresponded to each replication tank. The amount of shellboring polychaetes at the start of the study equals the amount of shell-boring polychaetes expelled with the Lomper solution plus the amount of shell-boring polychaetes expelled with the vermifuge solution and found in the dead abalone plus the amount of shell-boring polychaetes expelled with the vermifuge solution at the end of the overall treatment
The efficacy rate of Lomper was defined as the percentage of shell-boring polychaetes that died after the mebendazole baths over the complete treatment, and this rate was calculated for each replication:
Efficacy rate ¼ 100 À % of surviving shell-boring polychaetes % Surviving shell-boring polychaetes ¼ ðAmount of shell-boring polychaetes expelled with the vermifuge at the end of the complete treatment 3 100Þ/Amount of shell-boring polychaetes at the start of the study
The shell-boring polychaete species were identified on the basis of fifth setiger chaetae, prostomium and pygidium morphology, and branchiae distribution. Descriptions of species encountered in the research are given in Pascual and Nu´n˜ez (1999) .
Growth
Because growth rates in abalone are age dependent, growth was estimated after separating individuals into 2 groups according to their SL: 40-59 mm and 60-79 mm. The specific growth rate for weight (SGR) and the percent weight gain (WG) were estimated as Specific growth rate for weight ðSGRÞ ¼ 100
where W 0 is the mean initial body weight (in grams), W t is the mean final body weight (in grams), and t is the experimental duration (in days).
Statistical Methods
Statistical analyses were tested using an 1-factor ANOVA. Data were tested for normality prior to analysis using the Kolmogorov-Smirnov test. Bartlett's test was used to test for homogeneity of variances (Zar 1996) , and Tukey's multiple comparison test was used in pairwise comparisons when significant differences (P < 0.05) were determined.
RESULTS
Shell-Boring Polychaetes
The shell-boring polychaete species found in the shells of abalone were identified as Polydora hoplura Clapare`de (1870). These large worms were 6.50 mm in length and 0.5-0.6 mm in width, with 56 setigers. The prostomium was fairly deeply notched, and often blackened by four small eyes. Notosetae were absent on the first setiger, and there were only ventral capillary setae. Branchiae start from setiger 7 and were absent in posterior region. Enlarged hooks (3-4) on the fifth setiger each had a lateral twisted spur, and on setiger 7 there were 2-3 bidentate sigmoid hooded hooks in the ventral position. On the last setigers, the notosetae included one enlarged, yellow, curved hook. The pygidium was open and shaped like a suction cup, with a dorsal notch, and occasionally was dark in color.
The chimneys created by P. hoplura on the outside surface of the abalone shell were initially located along the growing edge, although the worms were also capable of burrowing throughout the shell. When the infestation progressed, the shell-boring polychaetes tended to be evenly distributed within the shell. The chimneys were gray because of the accumulation of sediment (Fig. 2) . As the infestation became increasingly heavy, the abalone formed blisters by shell material secretion (i.e., conchiolin covered with nacre) that projected into the mantle cavity to isolate the shell-boring polychaetes. The shells were occasionally broken in the area of the blisters. In these cases, the abalone were extremely vulnerable and, in most cases, died (Fig. 3) . However, some of them were able to reconstruct the shell and, consequently, the shell became deformed. 
SHELL-BORING POLYCHAETES IN ABALONE AQUACULTURE
Treatment Against Shell-Boring Polychaetes
The initial number of shell-boring polychaetes in the abalone shells was equal (P < 0.05) in all replicates (Table 1) . At the beginning of the trial, the results showed a positive association between the number of shell-boring polychaetes expelled and the concentration of mebendazole used (Fig. 4) . Afterward, this relation disappeared and it was necessary to apply the drug 21 times over a term of 7 mo (one-time 3-h bath given for 3 consecutive days per month) to expel most shell-boring polychaetes from the abalone shells, regardless of the mebendazole concentration used.
The efficacy of Lomper was similar (P < 0.05) in all tested doses at a rate of approximately 99% (Table 1 ). There was no statistical difference in abalone mortality (P < 0.05) among the control group and the groups that were administered different concentrations of Lomper (Table 1) . It is worth mentioning that mortality was only observed in highly infested animals. A similar situation was found with regard to the number of remaining shell-boring polychaetes that were expelled using the vermifuge drug. Only a few highly infested abalone still contained shell-boring polychaetes at the end of the experiment, whereas no shell-boring polychaetes were found in the abalone that originally had low-level infestations.
Growth
The size class of 40-59 mm in SL had a higher specific growth rate than the size class of 60-75 mm in SL, because these individuals were both younger and less infested (Tables 2 and 3 ). The SGR and WG rates did not differ statistically (P < 0.05) among all the mebendazole treatments and the control group (Tables 2 and 3) . Thus, this result suggests that the mebendazole did not affect significantly the growth of the abalone during the period of study. However, it is worth noting that WG of the bigger abalone (SL, 60-79 mm) was positive in the control and negative in the various treatments.
DISCUSSION
The mudworm infesting H. tuberculata coccinea in the ICCM was identified as P. hoplura. This is a common pest in The initial amount of P. hoplura, efficacy rate of Lomper (Esteve Laboratory, Barcelona, Spain) and abalone mortality during the course of the study. Specific growth rate (SGR) and weight gain (WG) of 60-79 mm in SL of H. tuberculata coccinea during the experiment.
Lomper Concentration n SGR (%/day) WG (%)
Control (0 mL/L) 10 0.01 ± 0.06 3.40 ± 14.52 6 mL/L 12 -0.02 ± 0.05 -4.82 ± 10.48 8 mL/L 11 -0.02 ± 0.04 -4.52 ± 9.96 10 mL/L 9 -0.02 ± 0.04 -4.68 ± 8.68
Values in the same column are not significantly different (P < 0.05). cultured abalone, as noted by several authors (Lleonart et al. 2003a , Lleonart et al. 2003b , Simon et al. 2006 ). This shellboring polychaete species has been found along the coast of Europe, South Africa, New Zealand, and Australia (Ruellet 2004) . In the Canary Islands, P. hoplura has a patchy distribution over the mesolittoral and infralittoral areas, and usually burrows into substrata containing calcium carbonate, such as stones, encrusting coralline algae, and the shells of mussels and sponges (Pascual & Nu´n˜ez 1999) . The current study cites, for the first time, P. hoplura associated with H. tuberculata coccinea.
The infestation develops throughout the planktonic larval stages of P. hoplura (Blake & Evans 1973) . Because this species can reach its sexual maturity in a few months, it is capable of rapid colonization (cited in Royer et al. (2006) ). Under culture conditions, as observed by other authors (Lleonart et al. 2003a , Simon et al. 2006 , infestations can become sufficiently heavy to deform and even break the shell of highly infested abalone. Thus, although the meat quality is not altered by the infestation (Gray 2003) , these animals lose their commercial value. No shell deformation was observed in low-infested animals according to the results obtained by Simon et al. (2004) . Thus, we believe that only low-infested animals are really curable (Fig. 5 ).
In the current study, the efficacy rate of all the mebendazole doses tested (120 mg/L, 160 mg/L, and 200 mg/L) in multiple applications were higher .1%) than that found by Lleonart et al. (2003b) in a single application (200 mg/L and EF 32.5%) against the shell-boring polychaete B. knoxi in the abalone species H. rubra. Therefore it can be argued that when using mebendazole, which is a broad-spectrum anthelmintic drug (Krı´zova´-Forstova´et al. 2011) , multiple applications are more effective than single applications for eradicating shellboring polychaete pests.
Although the growth rate results did not show statistical differences among the various mebendazole treatments and the control group, the bigger abalone (SL, 60-79 mm) lost weight. Taking into account that these animals were highly infested, this result confirms the observations of previous studies, which associated a high level of infestation with a loss in abalone condition (Lleonart et al. 2003a , Simon et al. 2006 ). This may be associated with the abalone tendency to respond to the infestation by depositing a layer of nacre over the worms to isolate them. The cost of continuously forming this layer is believed to result in a significant detriment to abalone condition (Handley 1998) .
Our results suggested that the repeated application of mebendazole was more important than the concentration used. At this point, it would be interesting to test lower concentrations of the drug in multiple applications; however, it should be taken into consideration that the extended exposure to subtherapeutic dosages may result in mebendazole-resistant parasite populations (Buchmann et al. 1992) . It is also noteworthy that, among the causes of parasite resistance to drugs, one of them is the presence of active anthelmintics in the natural environment of the parasite (FAO 2003 , Krı´zova´-Forstova´et al. 2011 . This may be a result of the disposal of drug residues directly into the environment along with the wastewater from the aquaculture facilities.
In conclusion, the current study proved that using 120 mg/L mebendazole applied 21 times for 7 mo (one-time 3-h bath given for 3 consecutive days per month) eradicated the P. hoplura pest in approximately 99% of highly infested abalone. However, it should be noted that the use of this type of chemical drug is a nonrenewable resource (Vial et al. 1999 , Geary et al. 1999 ) in other words, if the parasites develop a resistance to the drug, the product will become unusable. Furthermore, total dependence on a single parasite control method has proved to be poorly sustainable and not profitable in the long term (Waller 1997 , Barger 1999 . Following the recommendations of the FAO (2003) , it is preferable to use the anthelmintic as a timely support for a rational and sustainable control strategy and not as the exclusive tool for such purposes. Values in the same column are not significantly different (P < 0.05). 
